Many studies have examined coexistence among similar small mammal species. Most investigations have tended to focus on interactions such as predation and competition, with less emphasis on use of habitat space, plant cover stratification, and food resource partitioning. We investigated 2 similar small mammal species, the white-footed mouse (Peromyscus leucopus) and the golden mouse (Ochrotomys nuttalli) to determine how differences in 3-dimensional habitat use, vegetative cover, and food resources allow for similar species to coexist. P. leucopus was removed from 4 of 8 experimental grids within a forested riparian peninsula to assess the effect of competitive removal on population dynamics of O. nuttalli. After removal of P. leucopus, the relative abundance of O. nuttalli in removal grids did not change significantly from abundance in control grids. However, differences in use of 3-dimensional habitat appeared to provide enough niche segregation to allow these 2 species to coexist in the same habitat. Abundant resources (acorn mast crop of Quercus nigra and heavy vegetative cover of Ligustrum sinense) also appeared to dampen competition between these 2 species.
The coexistence of species with similar life histories, body mass, and behavioral activities has long been of interest to biologists. Studies focusing on the interactions occurring among similar small mammal species have examined the role of niche partitioning (Dueser and Shugart 1979; Heske et al. 1994; Kalcounis-Rüppell and Millar 2002; Knuth and Barrett 1984; Morris 1984; Wolff and Dueser 1986 ) and competition (Abramsky et al. 1979; Dueser and Hallett 1980; Morris 1999; Seagle 1985) in structuring small mammal communities. Most studies have focused on the partitioning of 2-dimensional habitat and demographic changes after removal of competitors. However, little information is available concerning the partitioning of 3-dimensional space of small mammals, especially for forest-dwelling species (but see Dooley and Dueser 1996; Graves et al. 1988) .
The white-footed mouse (Peromyscus leucopus) and the golden mouse (Ochrotomys nuttalli) have similar body masses, nest-site preferences, food preferences, home-range sizes, and periods of activity, and both are semiarboreal (Goodpaster and Hoffmeister 1954; Knuth and Barrett 1984; Lackey et al. 1985; Linzey 1968; Linzey and Packard 1977) . Researchers have dedicated relatively little effort to 3-dimensional use of habitat space when estimating home-range overlap of coexisting species (Bowne et al. 1999; Diffendorfer et al. 1999; Krohne and Hoch 1999; Szacki et al. 1993) . The differential use of habitat space by similar species may provide a mechanism for their coexistence in the same geographic area (Meserve 1977) . For example, Cameron and Kincaid (1982) found that Reithrodontomys fulvescens increased its vertical use of habitat in grids where Sigmodon hispidus had been removed, indicating that interspecific competition had an effect on 3-dimensional habitat use.
An objective of the present study was to analyze 3-dimensional use of habitat space as a potential mechanism of coexistence between P. leucopus and O. nuttalli. To better quantify this objective, we analyzed other community characteristics such as food resources and vegetative cover. For example, declines in populations of Peromyscus species have been linked to reduced acorn mast, indirectly affecting the interactions between coexisting species (Wolff 1996) . Thus, quantifying the abundance of mast crop is important when examining competition in a small mammal community.
We hypothesized that each species partitioned the 3-dimensional habitat space via competitive exclusion. We predicted that if competition existed, then the relative abundance of O. nuttalli in removal grids would increase after removal of P. leucopus. Similarly, we predicted that if competition for 3-dimensional habitat exists, then O. nuttalli would increase its use of 3-dimensional habitat space after removal of P. leucopus.
MATERIALS AND METHODS
Experimental site.-This study was conducted at the HorseShoe Bend Ecological Research Site located in Clarke County near Athens, Georgia (338579N, 838239W). The site is a 14.2-ha (35-acre) riverine peninsula created by the meandering North Oconee River ( Fig. 1) and is composed of an upland deciduous forest and bottomland deciduous forest prone to annual flooding. Both the upland and lowland areas contain abundant greenbrier (Smilax) and Amur and Japanese honeysuckle (Lonicera maackii and L. japonica, respectively). These plant species provide important food, cover, and nesting material for both species of small mammals, but especially for O. nuttalli (Goodpaster and Hoffmeister 1954; Linzey and Packard 1977) . Water oak (Quercus nigra) and Chinese privet (Ligustrum sinense) also dominated both habitat types, whereas white oak (Q. alba) and American beech (Fagus grandifolia) were abundant in upland habitats, and river birch (Betula nigra) was populous in lowland regions.
Research design.-Eight trapping grids were established in the 2 habitat types (n ¼ 4 each) to quantify habitat use by P. leucopus and O. nuttalli. Each grid, approximately 0.21 ha, including a 10-m border around each grid, consisted of a 2 Â 6 pattern of small mammal trapping stations (Fig. 1) . Each station consisted of 2 live traps (H. B. Sherman Traps, Inc., Tallahassee, Florida), 1 positioned on and attached to an Lshaped wooden platform mounted 1.5 m high on the trunk of a tree, and the 2nd located on the ground within 1 m of the base of the same tree. Trapping stations were 10 m (62 m SD) apart. Four additional traps were placed in the middle 4 trapping stations in each grid (32 additional traps). These additional traps were placed on platforms 4.5 m higher into the canopy to quantify 3-dimensional or vertical use of habitat space because both species are often found foraging and nesting arboreally (Goodpaster and Hoffmeister 1954; Lackey et al. 1985) .
Sampling procedures.-Livetrapping was conducted on 2 consecutive days per week between 29 March and 17 November 2001. Sherman live traps (7.6 Â 7.6 Â 25.4 cm) were used throughout the investigation. Traps located 0 m and 1.5 m high (n ¼ 192) were checked one week and 4.5-m-high traps (n ¼ 32) were checked the following week. Traps were baited with black oil sunflower seed and cotton was provided for bedding when temperatures decreased below 108C. Traps were set each night at 1700 h and checked the following morning before 0900 h. Traps at 4.5-m heights were checked using a 5-m polyvinyl chloride pole with a hook attached to one end to lower and raise each live trap during setting and checking. Captured animals were identified to species, sexed, marked for identification by toe clipping, examined for reproductive condition (open or closed vaginal orifice, abdominal or scrotal testes, pregnant, or lactating), weighed to the nearest gram, and released at the site of capture. We followed guidelines approved by the American Society of Mammalogists (Animal Care and Use Committee 1998) in all procedures.
Removal of P. leucopus from 4 of the 8 grids (2 upland and 2 lowland) began on 31 May 2001 and continued for the duration of the study. P. leucopus captured in the removal treatments were removed from the riparian peninsula and then released in a similar heavily wooded bottomland forest habitat on the opposite side of the North Oconee River (Fig. 1) . The number of mice that reentered the field site (n ¼ 6) was negligible (see Klee et al. [2004] for details). Mice that reentered the site were again removed. Mean weekly estimates of population abundance for P. leucopus and O. nuttalli were determined using the minimum number known alive method (Krebs 1996) . Grids from which P. leucopus were removed will hereafter be referred to as removal grids, and grids from which no P. leucopus were removed will hereafter be referred to as nonremoval or control grids.
Vegetation analysis.-We used a point-quarter sampling method (Cox 2002) to estimate tree and privet density and tree diversity in each experimental grid. A 60-m transect was established along the length of each grid between the 2 rows of trapping stations in each grid. Six point-quarter sampling points were then established at 10-m intervals along the 60-m transect. The area around each sampling point was divided into 4 equal quadrants. Measurements were taken for trees and privet within each quadrant. The distance to the nearest neighbor tree within each quadrant from the point of origin was recorded for tree species . 2 cm diameter at breast height. The same procedure was followed for privet, although no minimum diameter at breast height was established. This method provided a comparison of tree and privet density between habitat types. Tree diversity for both habitat types was calculated using the Shannon index (Shannon and Weaver 1949) .
Acorn mast crop.-Water oak (Quercus nigra) was the most abundant oak species at our study site, and it served as a preferred food source for P. leucopus and O. nuttalli, as demonstrated in a related feeding study (O'Malley et al. 2003) . Occasional acorn caching in live traps and field observations further confirmed that Q. nigra was the preferred food source at the study site. Thus, Q. nigra was chosen as the species used to quantify acorn mast crop. To estimate mast fall, 32 litter traps (0.25 m 2 each, 8 per grid) were positioned under mature water oak trees located in 4 randomly selected (2 upland and 2 lowland) grids during 2000 and 2001. Each litter trap was constructed of 6-cm hardware cloth attached to a 0.25-m 2 wooden frame. Traps were placed on the ground to collect acorn mast. Litter traps were checked biweekly and all fallen mast (acorns) were collected between 3 October and 5 December during both 2000 and 2001. Samples were sorted by location, dried at 608C for 48 h, and weighed to the nearest gram. Comparisons (g/m 2 ) were made between years and between upland and lowland sites. Data analysis.-Analysis of variance (ANOVA) with JMP version 4.0.4 (SAS Institute Inc., Cary, North Carolina) was used to determine differences in small mammal population abundance between removal and nonremoval treatments. t-Tests were performed on ShannonWeaver index values to compare tree diversity, distance to nearest neighbor for both tree and privet density, and diameter of nearest neighbor tree for removal versus nonremoval treatments. Repeatedmeasures ANOVAs were performed on mast crops of Q. nigra to compare upland and lowland habitat types. To assess differences in height of capture for each species, Tukey's tests were performed for removal versus nonremoval grids for P. leucopus and O. nuttalli between preremoval and postremoval periods. Mean number of captures at the 4.5-m height has been weighted for comparison with the 0-m and 1.5-m heights. The criterion for statistical significance was P 0.05.
RESULTS
Vegetation surveys.-No differences were found between removal and control plots in tree diversity ( Abundance of P. leucopus and O. nuttalli decreased from late spring through summer in both removal and nonremoval habitat grids (Fig. 2) . As expected, abundance of P. leucopus differed significantly between removal and nonremoval treatments (F ¼ 1.74, d.f. ¼ 33, P , 0.01) during the postremoval period. Perhaps surprisingly, the population abundance of O. nuttalli in removal plots did not differ from the decrease in control plots (
Use of habitat space.-Before removal of P. leucopus (pretreatment), O. nuttalli used 1.5-m trap heights more often than other trap heights in removal grids (F ¼ 24.70, d.f. ¼ 2, P , 0.01). In control grids (pretreatment), O. nuttalli used 0-m and 1.5-m trap heights to the same extent, but the 2 lower heights were each used more often than 4.5-m heights (F ¼ 11.73, d.f. ¼ 2, P , 0.01; Fig. 3 ). After removal of P. leucopus, O. nuttalli in the removal grids continued to use the 1.5-m traps to a greater extent than the 4.5-m traps, but used ground traps to the same extent as 1.5-m traps (F ¼ 5.90, d.f. ¼ 2, P , 0.01). In control grids (posttreatment), O. nuttalli used all heights equally (F ¼ 1.05, d.f. ¼ 2, P ¼ 0.36).
Both before and after removal, P. leucopus used all trap heights equally in control grids (F ¼ 1.28, d.f. ¼ 2, P ¼ 0.31) and (F ¼ 0.78, d.f. ¼ 2, P ¼ 0.46), respectively. In removal grids (pretreatment), P. leucopus used 0-m and 1.5-m trap heights equally, but used 0-m traps significantly more often than 4.5-m traps (F ¼ 6.34, d.f. ¼ 2, P ¼ 0.01). In removal grids (posttreatment), however, P. leucopus were captured more often in ground traps than other trap heights (F ¼ 7.34, d.f. ¼ 2, P 0.01). Thus, after removal, P. leucopus became more restricted to use of ground traps; O. nuttalli, however, used 0-m and 1.5-m trap heights to an equal extent.
DISCUSSION
The present study examined interactions occurring between 2 similar small mammal species, P. leucopus and O. nuttalli, that inhabit the same forested riparian peninsula in the southeastern United States. Interactions between P. leucopus and O. nuttalli have been previously investigated. Dueser and Hallett (1980) found evidence of competition between O. nuttalli, P. leucopus, and the eastern chipmunk (T. striatus). They found O. nuttalli to be the best competitor of the 3, and their findings supported previous studies that considered O. nuttalli to be a habitat specialist (Dueser and Hallett 1980; Knuth and Barrett 1984; Linzey and Packard 1977; Seagle 1985) . P. leucopus is considered to be a habitat generalist compared to O. nuttalli. O. nuttalli prefers very dense mixed evergreen and deciduous canopies including ample climbing structures such as honeysuckle and greenbrier (Lackey et al. 1985) . Removal of a habitat specialist such as O. nuttalli would not likely increase the niche breadth of P. leucopus because P. leucopus presumably already occupy most of the available habitat space (Seagle 1985) . However, removal of the generalist species would more likely result in greater niche breadth expansion and an increased population density of the habitat specialist if significant competition exists between the 2 species (Seagle 1985) . For these reasons, we elected to remove P. leucopus, rather than O. nuttalli.
We predicted that if significant competition existed between these 2 species, then the removal of P. leucopus would result in the increase in relative abundance of O. nuttalli. However, no significant difference was found in the rate of decrease of relative abundance of O. nuttalli in removal treatments compared to rate of decrease in control treatments. We found that both species decreased in abundance over the course of the season. This seasonal change over the year is typical for populations of small mammals in the southern United States (Drickamer and Vestal 1973) . Thus, the original hypothesis was not supported. Wolff (1996) also found that, despite a 14-year study of interactions between Peromyscus maniculatus and P. leucopus, he was unable to find significant evidence of competition. He attributed coexistence to differential survival of the species during yearly and seasonal fluctuations in resource availability. He did not investigate differential use of habitat space.
Traps were placed on platforms 4.5 m higher into the canopy to quantify 3-dimensional or vertical use of habitat space because both species are often found foraging and nesting arboreally (Goodpaster and Hoffmeister 1954; Lackey et al. 1985) . Before removal of P. leucopus, O. nuttalli used traps placed 1.5 m into the canopy more frequently than those at ground or at 4.5-m heights. After removal, O. nuttalli changed its use of 3-dimensional (vertical) habitat space. After removal, no difference was found in the use of ground compared to 1.5-m heights, and no difference was found between the use of ground and 4.5-m heights. However, the 1.5-m heights were still used more frequently than 4.5-m heights. Thus, O. nuttalli began to use ground-level traps in removal grids more frequently after removal of P. leucopus, perhaps because of the abundance of Chinese privet, which provided dense ground cover, as well as a fruit seed bank.
Quercus nigra was the most abundant oak species at our study site, and served as an important food source for P. leucopus and O. nuttalli, as demonstrated in a related feeding study conducted at the same site (O'Malley et al. 2003) . We have no evidence that food was a limiting resource during this investigation because there was a significantly higher mast crop of acorns in 2001 compared to 2000. Also, because there was no difference in tree diversity, density or privet density between removal and nonremoval treatments, it is unlikely that there were differences in vegetative cover or available nest sites in removal versus nonremoval treatments. Likely the abundant acorn mast during 2001, combined with differential use of habitat space, contributed to the coexistence of these 2 species.
Chinese privet, Amur honeysuckle, and greenbrier were very dense 1.5-m above the ground. Chinese privet was the dominant understory shrub in all grids. This species provides not only protection from predators (Carey and Wilson 2001; Gray et al. 2000) , but also increased food and nest resources. Chinese privet, honeysuckle, and greenbrier are readily used as a food resource by O. nuttalli (Goodpaster and Hoffmeister 1954; Linzey and Packard 1977; O'Malley et al. 2003) . Below 1.5 m, there was little foliage in which either species could seek cover, but Q. nigra mast remained abundant at ground level throughout this investigation. Further, height of L. sinense rarely exceeded 3 m and therefore the 4.5-m traps did not benefit from thick privet or vine cover. Regardless of its highly arboreal nature, O. nuttalli did not significantly increase its habitat use higher into the canopy. Morzillo et al. (2003) also reported that density of 1.6-to 2.0-m-high understory provided optimum nest habitat for O. nuttalli in southern Illinois.
Differential use of 3-dimensional habitat space is important when considering relative home-range size and patterns of movement of small mammal species (Meserve 1977; Morzillo et al. 2003) . For example, home-range sizes are typically quantified using either livetrapping or radiotelemetry techniques, both typically expressed based on a 2-dimensional perspective (Cameron and Spencer 1985; Kie et al. 1996, Krohne and Hoch 1999; Mabry and Barrett 2002) . In the case of forest-dwelling small mammals these techniques of quantifying home-range size tend to become less accurate where small mammals use tree canopies as a major part of their home range. For example, several investigators have maintained that O. nuttalli displays a relatively small home-range size, ranging from 0.11 ha to 1.33 ha (Dunaway 1955; Linzey 1968; McCarthy 1958; Morzillo et al. 2003; Shadower 1963) . However, these values are from 2-dimensional perspectives. It is likely that 3-dimensional (volumetric) home-range sizes for O. nuttalli are actually much larger than those reported above, but smaller than those of P. leucopus based on the frequency of P. leucopus trapped at the 4.5-m height. Meserve (1977) suggested that small mammal home ranges when viewed 3-dimensionally are likely linked to arboreal activity, food resources, and bioenergetic needs. Metabolic rates of the P. leucopus and O. nuttalli used in our study were quantified by O'Malley et al. (2003) . They found that P. leucopus ingested and assimilated nearly twice the amount of acorns of Q. nigra and fruit of L. sinense as did O. nuttalli. This high rate of ingestion and assimilation in P. leucopus could be linked either to greater foraging behavior or greater use of 3-dimensional space in forest habitats, or both. These findings lend credence to the need to couple bioenergetics with pattern of movement if one is to better understand the relationship between habitat use and small mammal coexistence.
In summary, we investigated interactions such as changes in small mammal population abundance and use of 3-dimensional habitat space after removal of theoretical competition. We found that coexistence of the 2 small mammal populations investigated appeared to be more dependent on slight, but significant, changes in 3-dimensional use of habitat space, rather than on geographic segregation or antagonistic behaviors. We suggest that multifactorial integrative approaches (Lidicker 1988 ) are more useful than single factor analysis in understanding competition and coexistence of similar small mammal species. 
